common risk factors. Conclusions: Shared risk factors suggest a similar aetiology for diabetes and dementia and partially explain the association between diseases.
Introduction
It has been conjectured that the rising incidence of type 2 diabetes mellitus (henceforth called diabetes) and dementia are not independent evolutions but are linked to each other [1] [2] [3] and to common risk factors, including excess body weight and reduced physical activity [4] . Obesity is associated with insulin resistance, a condition which is seen as a basic process leading to vascular and metabolic disorders such as diabetes. It is known that increased physical activity can improve insulin sensitivity independently of weight [5] or weight loss [6] . It can therefore be expected that epidemiological studies might observe interactions between total body weight or fatness and physical activity on the incidence of diabetes; however, results to date are inconclusive [7] . Prospective studies have consistently shown that diabetes at baseline about doubles the risk for later dementia [3] , but it is not well understood if these diseases have a similar aetiology. Evidence that they share common risk factors such as obesity and physical inactivity has been inconsistent, possibly due to the focus on individual risk factors without consideration of their interactions [2, 4, [8] [9] [10] [11] [12] [13] [14] [15] .
This study presents results from a community-based sample of 1,448 middle-aged women, in which the incidence of diabetes and of dementia was ascertained over 34 years. The aim was to compare the midlife risk factors obesity and physical inactivity including their interaction with respect to both end points, and to confirm the relationship between diabetes and subsequent dementia.
Methods

Study Design
In 1968/1969, a representative sample of 1,622 women aged 38, 46, 50, 54 or 60 years and living in Gothenburg, Sweden, was invited to the Prospective Population Study of Women in Gothenburg [16] . A total of 1,462 women (90%) accepted the invitation and attended a comprehensive physical examination, and were also asked to complete questionnaires regarding lifestyle and medical history. Follow-up examinations were carried out in 1974/1975 (n = 1,302, 91%), 1980/1981 (n = 1,156, 83%), 1992/1993 (n = 840, 70%) and 2000/2001 (n = 665, 71%), with numbers of participants and participation rates among those still alive given in parentheses [17, 18] . In 2000/2001, women who declined examination at the clinic were offered a home visit with a reduced examination protocol, which was accepted by 167 women (18% of those still alive [18] ). Participants provided informed oral consent in 1968, 1974 and 1980 , and written consent in 1992 and later. Every study wave was approved by the Regional Ethics Review Board in Gothenburg in accordance with the Declaration of Helsinki.
Diagnosis of Diabetes
At baseline and at every follow-up examination, the diabetes status was assessed and the incidence of diabetes was recorded until December 31, 2002 . A subject was defined as having diabetes if the diagnosis had been made by a physician, if she was on antidiabetic medication or if two fasting blood samples showed plasma glucose concentrations ≥ 7.0 mmol/l, according to the current World Health Organization definition of diabetes [19] . The information from examinations was checked for consistency with information from the Swedish Patient Register. Survivors who did not attend one of the follow-up examinations were asked to complete a short postal questionnaire including a question concerning diabetes status [20] .
Diagnosis of Dementia
Psychiatric examinations were performed at every examination and included a comprehensive psychiatric interview, observations of mental symptoms and an extensive battery of neuropsychiatric tests. Close informant interviews performed via telephone in 1992/1993 and 2000/2001 included questions about changes in behaviour and intellectual function, psychiatric symptoms, activities of daily living and, in cases of dementia, age of onset and disease course. The diagnosis of dementia was based on the combined information from the psychiatric examinations and the close informant interviews according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-III-R) [21] and on diagnostic data from the hospital discharge register, medical records from inpatient and outpatient departments, and general practitioners' offices in Gothenburg for all women including those lost to followup [22] . Dementia diagnoses until December 31, 2002 , were included in this report.
Definition of Risk Factors
Obesity was defined as body mass index (weight/height 2 , BMI ) ≥ 30 kg/m 2 . Leisure time physical activity (LTPA) was assessed in 4 categories, ranging from 'almost inactive' (reading, watching TV, etc.), 'some physical activity at least 4 h/week' (cycling, walking, etc.) and 'regular exercise' (tennis, running, heavy gardening, etc.) to 'regular training and competitive sports' [20, 23] . The questions about LTPA were identical at all examinations. Physical inactivity was defined as low LTPA, i.e. less than 4 h of LTPA per week versus more.
Apart from age, the following covariates were included as potential confounding factors. Higher education was defined as more than compulsory (yes vs. no) as most women at that time only completed compulsory education [24] . Smoking was assessed as present or recent smoking versus never smoking or giving up smoking more than 10 years ago. Alcohol consumption was dichotomized into current versus never or former use. Parental history of diabetes was based on self-reported information collected at all examinations (at least 1 parent with diabetes versus none). Levels of serum triglycerides are given in units of millimoles per liter. Hypertension was defined as systolic or diastolic blood pressure greater or equal to 140 or 90 mm Hg, respectively, in the sitting position after 5 min rest, or antihypertensive treatment. Information about diagnosis of stroke was obtained from self-reported diagnosis, medical examination and the Swedish Patient Register.
Statistical Analysis
Age-adjusted logistic or linear regression was used to examine differences in binary or continuous variables by incident diabetes and dementia status. The log transformation was applied to variables with a right-skewed distribution such as serum triglycerides. To compare risk factors for diabetes and dementia, we performed Cox proportional hazard regression of survival from baseline until diagnosis of diabetes and dementia, respectively, on the following baseline covariates: age, obesity, low LTPA, the product of obesity and low LTPA, education, smoking status, consumption of alcohol, levels of serum triglycerides, hypertension and parental history of diabetes (diabetes end point only). Due to long latency periods, we recorded the year of diagnosis rather than a specific date and used the method by Efron for tied observations. We used the SAS cumulative incidence function (CIF) macro [25] to calculate a non-parametric estimate of the CIF for dementia and for diabetes, treating death as a competing event and survival until end of follow-up as censored event. Similarly, estimates of the CIF for mortality were obtained treating diabetes or dementia as competing events. To assess diabetes as a risk factor for dementia, we compared the survival from diabetes diagnosis until dementia or censoring with survival from baseline in those without diagnosis of diabetes. Covariate values were determined at baseline (for subjects without diabetes) or at the examination closest before or at the diagnosis of diabetes. In a sensitivity analysis, we also adjusted for stroke status at the start of observation. For risk factors of pri-mary interest and interaction terms, the hazard ratio (HR) for dementia or diabetes is given together with the 95% confidence interval (CI). To further quantify the synergy of obesity and low LTPA with respect to diabetes and dementia, we calculated the relative excess risk due to interaction as a measure for additive interaction, with CIs as given by Zou [26] , and the attributable risk due to an exposure with relative risk given by the HR and a prevalence p, AR = p (HR -1) / (1 + p (HR -1)). All analyses were performed using SAS (version 9.3; SAS Institute, Cary, N.C., USA) and MATLAB (R2011a; MathWorks Inc.). Results with p values less than 0.05 were considered to be statistically significant (2-sided tests).
Results
Fourteen out of 153 cases of diabetes were known at baseline and excluded from the analysis. Since the youngest age at diagnosis was 43 years, incident diagnoses can be considered to be type 2 diabetes. The final analytic sample consisted of 1,448 women free of diabetes and dementia at baseline, of whom 139 developed diabetes (41,900 person-years of follow-up) and 165 developed dementia (42,400 person-years of follow-up; fig. 1 ). Twenty-four women developed both diseases, of whom 20 were diagnosed with diabetes between 0 and 20 years before the diagnosis of dementia, and the remaining up to 9 years after the diagnosis of dementia. The average age at dementia diagnosis was 76 years with a median at 77 years. The distribution of age at diagnosis was skewed to the left, with 6 diagnoses between the ages of 48 and 60. Table 1 gives the characteristics of subjects by status of diabetes or dementia at the end of follow-up. Incident diabetes was associated with a higher prevalence of obesity, low LTPA or their combination, higher levels of triglycerides, hypertension, parental history of diabetes, incident stroke and incident dementia. For incident dementia there was an indication of higher levels of obesity and low LTPA among cases, but only age, consumption of alcohol, incident stroke and incident diabetes showed a difference by dementia status.
We applied Cox proportional hazard regression to calculate the cause-specific hazard of diabetes and dementia, respectively, including death as a censored event. Compared to physically active, non-obese women, the hazard of diabetes was higher in subjects with obesity or low LTPA and highest in those with both risk factors. This is quantified in terms of a statistical interaction between obesity and low LTPA, with respect to diabetes ( table 2 ). For dementia, there was a similar interaction between obesity and low LTPA leading to a threefold risk in women with both risk factors compared to non-obese and physically active women, in spite of the fact that there were no independent associations of either risk factor with dementia. Synergies between obesity and low LTPA were also observed based on risk differences between risk factor categories (relative excess risk due to interaction, table 2 ), with lack of synergy reflected by zero. The magnitude of the relative excess risk due to interaction was larger for diabetes than for dementia. The population-attributable risk of diabetes varied between 10% for low LTPA, 12% for obesity and 15% for their combination. In contrast, we find that the population-attributable risk of dementia for the combination of obesity and low LTPA was given by 4%, compared to the category of non-obese and physically active subjects. Other vascular risk factors such as elevated levels of triglycerides (for both diseases) or hypertension (for diabetes) could not explain the association between obesity, low LTPA and dementia (data not shown).
The findings are further illustrated in figure 2 which shows the cumulative incidence of diabetes ( fig. 2 a) and Diagram for investigation of risk factors for diabetes and dementia using data from the Population Study of Women in Gothenburg. Full data on participation and loss to follow-up at all examinations is published in Bjorkelund et al. [17] and Lissner et al. [18] . Figures in parentheses indicate row percentages. The interaction analysis includes the estimate for the product term in the multiplicative model as well as an estimate for additive interaction (relative excess risk due to interaction, RERI, reference value for lack of interaction = 0); 'inactive' = low LTPA, remainder referred to as 'active'. 1 Adjusted for baseline covariates age, education, smoking, consumption of alcohol, triglycerides, hypertension and parental history of diabetes (diabetes only). 2 Adjusted for age at start of observation (baseline or diagnosis of diabetes, respectively). 3 Adjusted for age, education, smoking, consumption of alcohol, triglycerides, hypertension, obesity, inactivity, and obesity × inactivity, at start of observation. fig. 2 b) , each calculation controlling for mortality as competing event. Obesity was a major risk factor for diabetes, individually and in combination with low LTPA ( fig. 2 a) . The CIFs for dementia did not differ between strata except for a higher incidence among those with obesity and low LTPA after 20 years of follow-up ( fig. 2 b) . Since incident cases of diabetes were observed shortly after baseline, excess mortality played a minor role as a competing risk for diabetes ( fig. 2 c) . The late onset of dementia reduces the possibility to show the importance of lifestyle-related risk factors due to the high mortality rate associated with them ( fig. 2 d) , and increased risk of dementia is only seen for the combination of risk factors ( fig. 2 b) . A sensitivity analysis with regard to potential loss to follow-up showed that 211 women who were still alive failed to attend a scheduled follow-up examination. When those without a subsequent diagnosis were treated as censored in the year last seen, the HRs of diabetes and dementia hardly differed from the results given in table 2 (data not shown). Finally, we examined whether diabetes is a precursor for dementia. Figure 3 shows that the age-adjusted cumulative hazard function for dementia was higher for subjects with diabetes than for those without at all points in time. A diagnosis of diabetes in midlife or later doubled the risk of dementia compared to the risk in non-diabetic women when adjusted for age at the start of observation ( table 2 ). The HR for dementia was only slightly reduced when adjusted for confounding variables, including the shared risk factors obesity, low LTPA and their interac- dementia. Finally, we showed that the diagnosis of diabetes doubled the risk for dementia, which is consistent with results from earlier prospective studies [3] . Common risk factors and their interaction attenuated the association between diabetes and dementia only slightly.
A perturbed insulin metabolism leading to insulin resistance both peripherally and in the brain has been proposed as an intermediate condition for both diabetes and dementia [27] [28] [29] [30] . The observed interaction of obesity and low LTPA, both associated with e.g. enlarged abdominal adipocytes, supports the hypothesis of insulin resistance as a common pathology. The fact that obesity and low LTPA were risk factors for dementia only if observed simultaneously could indicate that additional pathologies must join to insulin resistance in order to cause dementia. For instance, the metabolic changes due to obesity, which by themselves are causing diabetes, may progress to dementia if oxidative stress due to physical inactivity is added. It is also possible that effects of individual risk factors are 'washed out' due to change of lifestyle during followup, and that only the combined effect of both risk factors can be observed after 20 years of follow-up. While the relative measure of risk due to the combination of obesity and low LTPA is of similar magnitude with regard to diabetes and dementia, absolute measures based on the risk differences or the population-attributable risk indicate a stronger association of the risk factor combination with diabetes than with dementia. Among possible explanations, e.g. loss of correlation between baseline exposure and outcome in high age in the case of dementia, or a larger number of necessary causes for dementia compared to diabetes, we emphasize that the prevalence of the exposure, i.e. obesity and low LTPA, are likely to have increased in today's societies, which will give larger estimates for the population-attributable risk of these risk factors with respect to both diseases. As an interesting observation we note that low LTPA without obesity was the second largest risk factor for mortality, with diabetes or dementia considered as competing event. It appears that the risk due to low LTPA surpasses that due to obesity for causes of death not mediated by diabetes (or dementia), such as upper respiratory tract infections [31] or certain types of cancer [32, 33] .
The strengths of our study include the long follow-up of a community-based cohort, with participation rates of 90% at baseline, and higher or equal to 70% at follow-up examinations, which exceed participation rates of modern cohorts [34] , and accurate information on predicting variables and end points. The assessment of risk factors in midlife reduces the risk of reverse causation with respect tion (last line, table 2 ), and remained unchanged after further adjustment for stroke status at the start of observation (data not shown). Conversely, the larger part (73%) of the association between obesity and low LTPA and dementia was explained by the mediating effect of diabetes (data not shown).
Discussion
In this study, we followed a population-based cohort of 1,448 middle-aged women over 34 years identifying 139 incident cases of type 2 diabetes and 165 cases of dementia. We found similar joint risk factors for both, diabetes and dementia, namely midlife obesity in combination with low LTPA. While obesity and low LTPA were strong risk factors for diabetes individually and in combination, we found that obesity and low LTPA were risk factors for dementia only if combined with each other. Due to the late onset of disease, mortality is a stronger competing risk for dementia than it is in the case of diabetes. This may be one of the reasons why our study, with its long follow-up time, was able to demonstrate an interaction between obesity and physical activity on dementia. The synergy between obesity and low LTPA measured in terms of absolute risk difference or population-attributable risk was about 3 times larger for diabetes than for to dementia, that is progressing cognitive decline leading to reduced physical activity. The small sample size is the major limitation. In addition, the assessment of physical activity by 4 categories of self-reported LTPA at baseline is rather crude and subject to reporting errors. Future studies should include more objective measures of physical activity. Finally, it must be acknowledged that risk profiles are different in contemporary cohorts. For instance, a higher average level of education can be expected for today's female population, related to a lower risk for dementia. However, local studies [35, 36] have shown an increase in central obesity in the general adult population, in spite of concurrent trends of more physical activity. As central obesity is both a marker for insufficient physical activity and a risk factor for diabetes, we believe that the findings based on middle-aged women from the late sixties are even more relevant for present societies.
Conclusion
In summary, the evidence is strong that obesity and physical inactivity are common risk factors for both type 2 diabetes and dementia although they can only partly explain the connection between the diseases. Nevertheless, both obesity and physical inactivity are modifiable but prevalent conditions, and our data suggest that their reduction could effectively reduce or postpone the incidence of both diseases.
